Because lack of long-term effective technical means to test prestressing loss for continuous rigid frame bridges, an automation monitoring system based on the principle of megneto-elastic effect method had been built for testing prestressing loss and applied in the Niu Lan river bridge to fulfil long-term, online and automatic monitoring.
Introduction
Continuous rigid frame bridge with large span capacity, strong adaptability favoured by bridge engineer. However, the sustained deflection and cracking phenomenon in main span, is the problem to be solved. Thorough analysis, excessive longitudinal prestress loss is one of the dominant factors, and existing testing for loss of prestress is lack of long-term and effective technical means. Therefore, to carry out the continuous rigid frame bridge prestress loss automatic monitoring technology research is of great significance.
Magneto-elastic effect method, it is a non-destructive method used to measure steel strand cable force [1] - [2] . On the basis of the principle of magneto-elastic sensor design, establish prestress loss automatic monitoring system [3] , and applied in the continuous rigid frame bridge for monitoring, online for a long time, dynamic loss of prestress.
V. Vimalanandam et al. [4] used local breakage steel stress relief hole technique (SSRHT) of prestressed reinforcement in prestressed concrete beam that was carried on the estimate of the effective stress value. Ahlborn, T.M. Ahlbom, Timothy et al. [5] - [6] , did loss of prestress experiment that was carried out by using acoustic emission technology. Steinberg et al. [7] carried out by using the method of probability analysis to calculate the first tensioning component loss of prestress of prestressed reinforcement. M. Saiidi [8] used vibration method in beam bridge to test the loss of prestress. W.M. Gong [9] , according to the grey theory, such as long-term loss of prestress of the prestressed concrete members is studied. In addition, the anchor under pressure sensor, strain sensor test etc. can realize the testing of prestress. However, studies show existing prestress testing technology to a certain extent, the low accuracy, the dynamic response is poor, difficult to achieve long-term and on-line testing.
Representatives of magneto-elastic effect method includes: Sunaryo and Sumitro in Japan, Andrej Jarosevic in Czech Republic, Ming L. Wang in America [10] - [12] . Research mainly focused on sensor design, including the telescopic magnetic sensors and U magnetic sensor. W.M. Chen [13] , [14] , such as the coupling relationship between force and magnetic field is studied. D.D. Tang [15] , such as magnetic shell effect of wire cable force on-line monitoring key technologies. Joh C., Lee J.W. et al. [16] focused on prestressed reinforcement stress in the magnetic field measurement and carried out feasibility study; W.X. Yin [17] and G.Y. Pang [18] used the magnetic effect of high tensile steel wire and prestress wire to do stress monitoring experiment. However, the application of a magneto-elastic effect method of continuous rigid frame bridge prestressed testing research is rare.
Paper [15] showed that the magneto-elastic effect method can overcome the existing defects of testing technology, to realize prestressed concrete continuous rigid-frame bridges owing to its long-term, online and dynamic testing. 
Testing Principle of Magneto-Elastic Effect Method
Magneto-elastic effect method was mainly based on the inherent elastic effect of the ferromagnetic material principle, when there is the end of prestressed steel strand tension changes, its internal permeability as the change, also by measuring the steel strand permeability variation, to determine the steel strand prestressing.
Determine the Permeability
Cross-sectional area of ferromagnetic materials A f , the strength of the external magnetic field H(t), through the cross-sectional area of A o induction coil, coil number of turns is N , induced magnetic field intensity of ferromagnetic materials B(t), as shown in Fig. 1 . According to Faraday law, induction voltage of induction coil is:
μ 0 is vacuum magnetic permeability. Over time Δt 1 , magnetic changes as follows:
When there is no induction coil in ferromagnetic materials, after a time Δt 2 , magnetic spring changes as follows:
On the basis of (2) and (3), there is:
So the differential permeability μ is:
Prestress Calculation
Based on Joule Effect:
where ε is the axial strain, λ S is constants of axial deformation, M S is saturation magnetization strength, K u is uniaxial magnetic anisotropy constant, θ 0 is the angle between the magnetic field and the magnetic axis, ΔM is changes for the magnetization. According to the mechanics of materials:
where F is prestressing, E is the elastic modulus, A is the cross-sectional area of steel strand. According to the theory of magnetized ferromagnetic materials:
where M is the intensity of magnetization, k is magnetic susceptibility and permeability, μ is vacuum magnetic permeability, H is magnetic field intensity. Assuming H is constant, there is:
By (6), (7) and (9):
Therefore, specific ferromagnetic materials, in particular working point, temperature conditions, differential permeability by (5), according to (10) we can measure the size of the steel strand prestressing.
Temperature Correction
Using the method of magneto-elastic effect test of prestressed concrete continuous rigid-frame bridges owing to the influence of temperature factor is larger. We can use [15] temperature curve of error compensation method, temperature calibration and the magnetization of steel strand being tested in shall be subjected to external forces or external force under the condition of constant, test the relationship between the permeability changing with temperature, draw curve, the prestressed tests, by measuring the temperature of the steel strand, on the basis of the relationship between permeability and temperature curve, using interpolation method to value the influence of temperature on the measurement results, minus the temperature value in the measured value, thereby eliminating the influence of temperature on the measurement results.
Design of Magneto-Elastic Sensor
For testing the whole bundle of steel strand prestressing value accurately, get the continuous rigid frame bridge construction stage and operation stage prestressed monitoring information; sleeve magnetic sensors are designed. 
Preferences

1) Magneto-elastic
Magneto-elastic according to the measured strands to determine the optimum magnetization state, which is to let the tested steel strand work as far as possible in nearly saturated magnetization area. To take incentive field H 0 , permeability μ S , steel wire cross-sectional area S for the tested steel strand magnetic flares φ as follows:
2) The magnetic field intensity Magnetic field intensity is determined by the excitation coil number of turns N and current I, select the magnetic contact φ according to the curve of the magnetic properties of steel strand. According to the sizes of each parts, the magnetomotive force and total magnetomotive force had been calculated. According to the requirements of the magnetic circuit of each part of total magnetomotive force, to select N and I, to complete the choice of magnetic field intensity.
3) The magnetomotive force
On the basis of determined structure size of magnetic circuit and magnetic flow, using the magnetic permeance method, magnetic properties of each parts were analyzed and calculated to determine magnetomotive force. According to Ohm's law of magnetic circuit, excitation coil of magnetomotive force F m As follows:
To ensure internal steel strand magnetizing induction coil, the sensor size should be of reasonable design, induction winding should be shorter and the internal incentive coil winding. Second, to reduce the leakage and interlayer interference, induction coil with insulating material between the layers, and layer to as little as possible, at the same time, considering the signal to noise ratio, should be enough in a certain length winding circle number, which would appropriate choose smaller diameter enameled copper wire tightly wound.
5) Excitation coil
Excitation coil is tightly wound and separated by insulating material between the layers, according to the engineering practice, to determine the winding diameter inner R 1 and external R 2 , the effective magnetic field strength, whether magnetic field intensity and uniformity requirements, final drive coil design parameters, signal as shown in Fig. 2 .
Structure Design
As shown in Fig. 3 , the design of sleeve-type magnetic circuit structure, the steel strand as the core of drive coil and induction coil, selects the biggest yoke iron, poles are of very high magnetic permeability and saturation magnetic flux density, remanence small industrial pure iron to guarantee the minimum magnetic circuit magnetic flux leakage and improve the measuring precision and scope. Yoke iron into cylindrical, easy to form the magnetic circuit, reduce system leakage, at the same time, reduce the environmental interference magnetic field of magnetic circuit structure.
1) The length of the iron yoke L It should make magnetized steel strand in the design of magnetic circuit section of the uniform magnetic field 43 in central area along the axial length of not less than a spacing, and the coil skeleton built-in requirements, is considered a yoke iron length L that should be greater than three strands of spacing, to reduce the influence between the magnetic leakage field. 2) Poles diameter inside D 0 and outside D 1 Both decrease magnetic circuit magnetic flux leakage in the function and installation is convenient, the magnetic poles inside diameter and outside diameter D of corrugated pipe surface δ 0 should be close contact [19] , make the air gap as small as possible, pole diameter D 0 design value is:
Pole diameter D 1 according to the excitation coil and outer diameter size of induction coil skeleton, the Figure 5 . Magneto-elastic effect method to detect loss of prestress system. yoke iron and magnetic pole gap, installation convenience determined synthetically.
3) The yoke iron thickness and the height of the pole L 1 The certainty thickness of yoke iron and the height of the pole ensure the magnetic circuit of the steel strand magnetic bomb can completely through the pole and the yoke iron, and saturation phenomenon will not occur. Due to the magnetic pole and the yoke iron materials have maximum magnetic permeability and high saturation magnetic flux density of industrial pure iron, therefore, on the basis of steel strand test requirements, as long as the size is not too small to ensure that there will be no magnetic saturation.
Process
Sleeve magnetic sensor design process as shown in Fig. 4 .
Automatic Monitoring System for Prestressing Loss
The automatic monitoring system for prestressing loss based on magneto-elastic effect method included sensor system, data acquisition and processing system and monitoring centre. The three parts are shown in Fig. 5 . Sensor system is composed of the telescopic magnetic sensors, which are placed in the reasonable parts of top, bottom and web tendons. Data acquisition, processing and transmission system include a switch box, magnetic playing instrument and GPRS. The monitoring centre is composed of host and computers. The integral voltage and temperature output by sensors, received and processed by data acquisition system and obtained the prestress values. Using the GPRS, the data is transferred to the monitoring centre. Automatic monitoring of the prestressing loss for continuous rigid-frame bridge is realized.
Application
Project Summary and the Finite Element Model
Niu Lan river bridge is located at G85 national highway K26 + 924, structure of continuous rigid frame bridge, and bored piles, the structure in thick pile caps is 5 m, adopts double limb variable cross-section rectangular hollow pier shafts of the piers. Main girder with single box section, concrete as the C55, roof 12.0 m wide, with 2% one-way cross-sectional slope, bottom width 6.5 m, flange cantilever length of 2.75 m. Superstructure uses three-way prestress, materials for national standard [20] steel wire, high strength and low laxation, the standard strength f pk = 1860 Mpa, elastic modulus E p = 1.95 × 10 5 MPa, the relaxation rate is less than 0.035, design of anchor under tension control stress f con = 0.75 × 1860 = 1395 Mpa. Vertical steel tendon diameter of 15.2 mm per share, largetonnage group of anchor system, uses the plastic corrugated pipe line, deviation coefficient is 0.0015, the friction coefficient of 0.17.
Niu Lan river bridge finite element model was using professional bridge structure analysis program MI-DAS/CIVIL. Model with 351 nodes, 351 units, girder and pier are simulated for the space beam element, the bottom of the pier adopts full consolidation method, girder and pier border with rigid connection, the finite element model as shown in Fig. 6 .
Megneto-Elastic Effect Method to Test the Loss of Prestress System
The constitute of automatic monitoring system for prestressing loss of Niu Lan river bridge is shown in Fig. 7 . Sensor system is made up of three telescopic magnetic sensors, which are placed in the 0 blocks (according to the direction of mileage metre, the downstream side), the longitudinal roof tendon T0, L/4 mainspan section longitudinal roof tendon T12 and closure segments bottom tendon B1. By the data acquisition, processing and transmissioin, the prestressing loss of Niu Lan river can be online and automatically monitored.
Result Analysis
Loss of prestress analysis according to two phases, the first stage is the instantaneous loss, including the friction loss and anchoring loss; Second phase loss, is related to the time of loss, by the elastic deformation of concrete, steel bar caused by relaxation and creep and shrinkage of concrete, loss measured according to the test of steel tendon bridge in the subsequent stage of construction or operation of prestressed measured values with its anchorage prestressed measurements is a complete difference metre. According to the specification [21] , the finite element model of friction coefficient μ = 0.17 and deviation coefficient of pipe k = 0.0015, the theoretical calculation of prestressed loss.
Magnetic shell effect method to detect the loss of prestress system, real-time acquisition phase construction condition detection information, through the analysis, compared with the theoretical value, the results such as Tables 1 and 2 and Figs. 7 and 8. Thus, Niu Lan river bridge T0 and T12 steel tendon prestressed loss values are consistent with the theoretical value change rule, tensioning error is small, meet norms [22] , to show that the magneto-elastic effect method is stable and reliable test can effectively guide the construction.
Conclusion and Future Work
Using magneto-elastic effect method, magnetic sensor design, establish an automatic monitoring system based on magneto-elastic effect method, realize the continuous rigid frame bridge loss of prestress, online, dynamic monitoring for a long time. From the engineering application, we get the following conclusions:
1) Based on the engineering practice, the establishment of appropriate magneto-elastic effect method to automatic monitor system for the loss of prestress, application shows that the steel tendon loss of prestress field value change rule is consistent with theoretical analysis with good agreement, and illustrates the correctness of the testing method. 2) Magneto-elastic method monitoring continuous rigid frame bridge has proved the feasibility, applicability and reliability of the loss of prestress. 3) Using the method of magneto-elastic effect, realize the whole life cycle of continuous rigid frame bridge of prestressing loss automatic monitoring. According to the testing results, to strengthen construction control construction stage, strengthen the bridge maintenance and management operation stage. Recommend continuous rigid frame bridge construction process, the suitable location to preinstall deviator, in order to compensate the prestressed tensioning of the downwarping overrun or the problem such as craze. Currently, Niu Lan river bridge has been completed and it is about to enter operation stages. Therefore, the next step of work includes:
1) Continue to monitor the prestressing loss of the large bridge, which can further verify the reliability and durability of system. 2) According to the prestressing loss automation monitoring information, we can improve the bridge safety state evaluation system.
